New advances in catheter technology and remote actuation for minimally invasive procedures are continuously increasing the demand for better x-ray imaging technology. The new x-ray high-sensitivity Micro-Angiographic Fluoroscope (HS-MAF) detector offers high resolution and real-time image-guided capabilities which are unique when compared with commercially available detectors. This detector consists of a 300 µm CsI input phosphor coupled to a dual stage GEN2 micro-channel plate light image intensifier (LII), followed by minifying fiber-optic taper coupled to a CCD chip. The HS-MAF detector image array is 1024X1024 pixels, with a 12 bit depth capable of imaging at 30 frames per second. The detector has a round field of view with 4 cm diameter and 35 microns pixels. The LII has a large variable gain which allows usage of the detector at very low exposures characteristic of fluoroscopic ranges while maintaining very good image quality. The custom acquisition program allows real-time image display and data storage. We designed a set of in-vivo experimental interventions in which placement of specially designed endovascular stents were evaluated with the new detector and with a standard x-ray image intensifier (XII). Capabilities such fluoroscopy, angiography and ROI-CT reconstruction using rotational angiography data were implemented and verified. The images obtained during interventions under radiographic control with the HS-MAF detector were superior to those with the XII. In general, the device feature markers, the device structures, and the vessel geometry were better identified with the new detector. High-resolution detectors such as HS-MAF can vastly improve the accuracy of localization and tracking of devices such stents or catheters.
INTRODUCTION
Cardiovascular diseases (CVD), such as aneurysms or stenoses, conditions which may cause stroke, remain some of the most lethal diseases for developed countries. The data published by the National Center for Health Statistics 1, 2 place CVD as the first cause of death in the US and stroke as the leading cause of long term disability: approximately 50% of survivors have a residual neurologic deficit and greater than 25% require chronic care 2 .
These very grim facts have triggered a continuous effort from the research community to develop novel tools and treatment methods as well as new imaging techniques for diagnosis and real-time guidance [3] [4] [5] . Endovascular x-ray imageguided interventions are some of the most used methods for CVD and stroke treatment, according to the data published by Rosamond et al. 2 . In the US, over 1.3 million of such procedures have been performed in 2005, an increase of 342% in the last decade. In these interventions, the interventionalist navigates a catheter and an endovascular device to the vascular lesion location using x-ray image guidance. Endovascular procedures are done using devices (such as stents, balloons, coils, snare devices, etc.) which are manipulated using such catheters. The device sizes are of the order of millimeters with structure details smaller than 100 microns. Often these devices require sub-millimeter placement accuracy.
X-ray imaging detector resolution and sensitivity improvements can help endovascular device development which in turn could increase treatment success rates. Our group developed a new detector, designated as microangiographic (MA) detector [6] [7] [8] [9] , with high resolution over a small field of view. The detector was mainly dedicated to diagnosis and evaluation of a treatment using low (4 frame per second) angiographic acquisition. The MA detector was tried in a clinical environment on a limited number of patients and demonstrated improved resolution over the standard C-arm mounted detectors. Details such as Neuroform stent structure placed in the Circle of Willis and small arterial branches were visible. However, the MA detector was not designed to be used for fluoroscopic guidance of the devices during the endovascular image-guided interventions (EIGIs). To enable both fluoroscopy and micro-angiography, a high sensitivity microangiographic fluoroscope (HS-MAF) was built. Measurements of the physical parameters derived using a cascade model analysis 10 and in vitro measurements on phantoms 11, 12 already have shown that the HS-MAF can bring significant image improvement in a small field of view. However, such measurements, although necessary, are not sufficient for implementation of the detector in a clinical setting. Before this can occur, we must evaluate the functioning of the entire system in in-vivo experiments where conditions are similar to those in the clinic.
The most used imaging techniques during EIGI's, including fluoroscopy, subtracted fluoroscopy or roadmapping, digital angiography, digital subtracted angiography and rotational angiography, were implemented using the HS-MAF. We developed the software to implement all these imaging techniques and we verified them using the in-vivo studies. All the experiments were related to CVD treatments and included placement of stents in the cerebral vasculature and treatment of experimentally created aneurysms in rabbits.
MATERIAL AND METHODS

High Sensitivity Micro-Angiographic Fluoroscope Detector (HSMAF) and acquisition program
The detector as shown in Figure 1 consists of a 300 µm CsI input phosphor coupled to a dual stage GEN2 micro-channel plate light image intensifier (LII), followed by a minifying fiber optic taper coupled to a CCD chip. The HS-MAF detector image array is 1024X1024 pixels, with a 12 bit depth capable of imaging at 30 frames per second. The detector has a round field of view with 4 cm diameter and 35 microns pixels. The LII has a large variable gain which allows detector usage at very low exposures characteristic of fluoroscopic ranges while maintaining very good image quality. The detector is connected using a Camera Link connection to a National Instruments PCIexpress frame grabber. The custom acquisition program allows real-time image display and data storage. The detector is attached to a standard x-ray C-arm (Infinx, Toshiba Medical Systems, Tucson CA) using a special mechanical arm Figure 2 . The detector has the same mechanical degrees of freedom as the image intensifier and can be brought in and out of the field of view whenever needed. The collimators are automatically adjusted to the active area of the HSAMF to limit the dose to the patient to a minimum. The collimator adjustment is done by using a switch attached to the HSMAF holder.
Our group is also developing the program to control the camera, and the acquisition, processing and display of the data. In the current state, the program can acquire and display real-time fluoroscopy and roadmapping, high frame-rate angiography and rotational angiography. Data saving is done in real time using four hard disks in serial configuration. Details of the hardware control and the programming algorithm are given by Keleshis and al 13 .
The 
Fluoroscopy and Fluoroscopic Roadmap
In-vivo EIGI's were performed in three types of animal experiments: carotid stenting, stent navigation through stented arteries and treatment of elastase model aneurysms with novel methods. Identical EIGI procedures were done using two detectors: the HS-MAF and the standard C-arm detector: either the X-ray Image Intensifier XII or Flat Panel FP. The standard detector was used for the initial part of the procedure, in which the catheters are guided from the femoral artery to the upper circulatory system areas such as carotid, vertebral, basilar arteries, etc. For this part of the procedure, the small HS-MAF FOV is not adequate. Once the smaller arteries are reached, the C-arm detector is raised and the HS-MAF is brought into the field of view. The collimator adjustment is activated, and the automatic exposure parameter adjustment for the x-ray beam is deactivated. The kVp is kept the same while the current and the exposure time are approximately doubled. Between 10 and 30 seconds of fluoroscopy are taken manually to adjust the LII gain until the image is satisfactory. Once parameters are chosen, the procedure follows standard protocols.
For roadmap fluoroscopy, the program works similar to the commercial system. Sixty frames are acquired during iodine injection, and a mask is calculated. The next time the fluoroscopy pedal is pressed, the roadmap is displayed automatically for the interventionalists.
EIGI procedures followed a standard routine: the femoral artery was exposed, and a 6-French (Fr) introducer was inserted into the artery. A 6 Fr straight guiding catheter (Envoy, Cordis Endovascular Systems, Miami, FL) was advanced to the aortic arch using the C-arm mounted detector. In the case of carotid stenting, the guiding catheter was inserted first in the right carotid and, using a roadmap from the C-arm mounted detector, a stent was deployed at the end of the carotid in the area of the cerebral vasculature formation. The same procedure was then done on the left carotid using the HS-MAF so that the two detectors could be compared using the same animal.
Treatments were done on right-carotid aneurysms created using a well established method 14, 15 . In this method, the right carotid was exposed in the neck area. A 6 Fr introducer, and 6 FR guiding catheter was used to advance a compliant balloon and a micro-catheter to the area where the right carotid branches out of the sub-clavian artery. A compliant balloon was placed to block the right carotid entrance in the subclavian artery, and elastase was incubated in the blocked artery segment for twenty minutes. After the elastase and catheter were removed, the artery was occluded using a suture. The x-ray guidance of different aneurysm creation procedures was done with both detectors: HSMAF or the C-arm mounted, XII.
The aneurysms were kept three weeks to mature and then treated with a flow diverting stent developed by our group (Figure 3) . A small area of a standard porous stent is covered by a low porosity surface making the stent appear asymmetric -thus the name for the device: Asymmetric Vascular Stent (AVS). Ideally, the device is deployed such that the low-porosity patch covers only the aneurysm neck. This special design, while ensuring strong flow diversion away from the aneurysm, maintains a low probability for occluding potentially critical perforating vessels. We attached a set of four platinum markers on the periphery of the low porosity patch to localize its position with regard to the aneurysm neck. For deployment, the stent is rotated until the patch is facing the aneurysm orifice, then the stent is deployed and the aneurysm orifice blocked (Figure 3 ). Ionita el al. 16 showed that, using the markers in the configuration shown in Figure  3 , the stent can be placed with an accuracy of 6 degrees using a standard XII and 4 degrees when a microangiographic detector was used. For the HSMAF, the entire procedure occurs under roadmap fluoroscopy. The elastase aneurysm model in rabbits is located in an area surrounded by soft tissue; if the mask is acquired prior to the advancement of the catheter there will be misregistration between the mask and the new position of the vessel. Hence, the fluoroscopic roadmap is acquired with the stent catheter already in place, and the stent advanced distally to the aneurysm location to avoid mask misregistration when the stent is positioned over the aneurysm neck for deployment. The immediate treatment verification was done by DSA sequence analysis which is described below. However, for the C-arm mounted detector the alignment was done in two steps. The first part was gross alignment of the patch using roadmap fluoroscopy, and the final finer alignment was done using low frame-rate digital angiography. Only using high exposure, specific to angiography, could we verify the exact orientation of the patch.
Digital Angiography (DA) and Digital Subtracted Angiography (DSA)
The procedure also requires manual control over the x-ray parameters. The kVp was kept the same while the mAs was quadrupled by adjusting the mA and the exposure per frame. Since the benefits of the digital micro-angiography have been discussed in detail elsewhere by our group 8, 9 , we will focus on matters that concern data display and real-time storage. Angiograms of the brain vasculature in rabbits were acquired at 15 and 30 frames per second. During the experiments we validated the HS-MAF system capability to acquire high-frame-rate angiographic images and also display the information in real time. Transition between different imaging procedure such as DA, DSA and fluoroscopy was verified and improved to be comparable with the current C-arm system performance.
Rotational Angiography and Region-of-Interest Cone-Beam Computed Tomography (ROI-CT)
Rotational angiography was done in the carotid stenting case. After the stent was placed, rotational DA was performed using the standard C-arm. Second, the HSMAF detector was inserted and the system was set for manual control of the xray parameters. Vertical and lateral projections were acquired to verify that the object of interest (stent) is close to the iso-center. X-ray parameters were adjusted to avoid saturation during the acquisition.
For cone-beam CT, if only the ROI data were reconstructed, severe truncation artifacts could result. Thus, full-field-ofview (FFOV) data was acquired at low dose to supply the data outside the ROI 17, 18 . FFOV data were acquired using the lower resolution, noisier FPD. The FOV for the FPD was 8 in. and for the HSMAF was approximately 1.4 in. Both the datasets were acquired using standard rotational-DSA settings, which assured that data for FFOV and ROI were acquired at the same angle.
Once FFOV and ROI datasets, were acquired, the ROI data had to be properly replaced within the FFOV. First, the FFOV projections were expanded to match pixel sizes with the HSMAF. Since the FFOV and ROI data was acquired at different SIDs, FFOV projections were also adjusted for the differences in geometric magnification. Then, the ROI data was translated in both, x-(horizontal) and y-(vertical) directions to obtain data overlap. Cross-correlation coefficients at each step were calculated. Maximum correlation coefficient gave the co-ordinates where the ROI data matched the FFOV data. Since, the FFOV data was acquired at lower dose compared to the ROI data, the intensities were lower. Thus, intensity matching was also performed. A plot of FFOV pixel intensities vs. corresponding ROI pixel intensities was generated, the data were then fit using linear regression, and a linear equation was computed. This relation was used to equalize pixel intensities so that the data within the ROI could be placed within the FFOV projection. The entire process was repeated for all projections.
The projections were reconstructed in a 512 x 512 x 512 volume with voxel size of 50 microns. The projections were filtered using a standard Shepp-Logan filter. Finally, the data was back-projected using Parker weights for CBCT, as shown by Gullberg and Zeng 19 , and a Feldkamp-based algorithm 20 
RESULTS
Fluoroscopy and Fluoroscopic Roadmap
In Figure 4 we show stent deployment in a rabbit's carotids arteries just before the Circle of Willis using fluoroscopic roadmapping with both detectors. For the x-ray imaging parameters, we kept the same kVp and mA, but the exposure time was 3 ms for the II and 6 ms for the HSMAF. The next comparison ( Figure 5) shows the aneurysm rabbit model treated with the AVS. The white arrows indicate the platinum markers. The markers configuration was chosen to indicate uniquely the patch position with regard to the aneurysm orifice. The markers are quite visible using both detectors; however, the HSMAF's high resolution allows a faster alignment and more precise localization. On left column we show the images acquired using the HS-MAF and on the right column those acquired with the standard II. In the top row the stent is undeployed, in the bottom row images the stent is deployed Figure 6 shows three images taken during a stenting procedure in a rabbit brain using the fluoroscopic roadmap guidance. The device was a balloon deployed coronary stent (1 mm undeployed, 2.5 mm deployed). In the first two sequences, the micro-wire is advanced to access the chosen artery than the stent is advanced using the micro-wire as support. Brighter area in the fluoroscopic map indicates curves and twists in the vasculature. Such variations facilitate navigation of the wire by orienting the tip accordingly. Angiographic runs of the cerebral vasculature of the rabbits are shown in Figure 7 ; the angiograms were acquired while inserting the catheter in the right carotid artery. The transition between fluoroscopy and angiography was done using the same graphical user interface (GUI) and reducing the LII gain by about one order of magnitude. Acquisitions were obtained at 15 to 30 frames/second. The HSMAF images were substantially better quality than those from the XII especially when dealing with closely located vessels or small branches.
For comparison purposes, we show in Figure 7 two images of a small region in DSA images taken with both detectors over the same area in a rabbit neuro-vasculature. We focused on two vessels -one major with a diameter of about 3 mm and a small vessel of about 0.2 mm diameter parallel to the larger one. The small adjacent vessels are well delimited in the HSMAF DSA, while in the FP they seem to be connected. Also, at the location indicated with the solid arrow, the small vessel branches into two. This detail is visible on the HSMAF run but not in the FP.
Rotational Angiography and Region-of-Interest Cone Beam Computed Tomography (ROI-CT)
The x-ray parameters were [86 kVp, 50 mA, 6.3 ms, 5 V] for the HSMAF and [86 kVp, 80 mA, 12.5 ms] for the FP. The images of the projections were calibrated and fused. The result of the fused images is shown in Figure 8 . The low-dose, lowresolution image acquired with the FP was fused with the highdose, high-resolution image acquired with the HSMAF.
The results of the CBCT using the fused images are shown in Figure 9 . The left columns show CT slices in which the stents struts are well depicted. In the right side of Figure 9 , we show the 3D rendering of the stent; the bone adjacent to the stent was removed and only the stent structure is displayed. Some severe metal artifacts are caused by the lifesupporting and monitoring devices. The standard C-arm mounted detector is sufficient for guidance over a large field of view when the catheter is advanced through large arteries such as the aorta, the aortic arch or even the lower carotid of the animal model. HSMAF usage at this procedure stage is most often not required. When the catheters are inserted into the cerebro-vascular region, the HS-MAF can be quite beneficial. The high-resolution capability facilitates guide-wire tip localization with regard to the adjacent vessels. Also some of the improvements are subtle and difficult to quantify. During roadmap fluoroscopy, vessel turns in or out of the viewing plane were easily identified as brighter areas of the vessel. This observation can help during the navigation of the guiding micro-wire, by orienting the pre-shaped tip in the appropriate direction. These benefits can shorten the access time to the desired vessel branch especially when dealing with a very dense vasculature.
Current technology does not easily allow retrieval of a stent once deployed without high risk of vessel injury. For this reason, when comparing images using the different detectors of stent deployment procedures for this study, it was necessary to deploy devices of the same design in either different vessels of the same animal or the same type of vessel in different animals of the same type.
Results indicate that high quality visualization of the stents under direct or roadmap fluoroscopy is possible only with the HSMAF. The standard C-arm mounted detector allowed visualization of the entire device but not of its internal structure.
As procedures such as double stent bypass of the aneurysm orifice or Y stenting techniques for the bifurcation aneurysms are becoming widely used, knowledge of the stent structure with regard to the vessel geometry becomes very important. In thess delicate situations, the HSMAF can make an important contribution.
Digital angiography confirmed our previous data [7] [8] [9] , namely that better resolution can bring better measurements of the vessel geometry. Precise vessel dimension measurement is important in accurately choosing the device size for an intervention. Inaccurate size selection can cause irremediable damage to the vessel wall and complications such as: hemorrhages, vasospasms or in-stent re-stenosis. Also in light of the new advancements in EIGI research, the high resolution DSA images can help in the development of computerized data analysis such as in catheter advancement simulations, computational fluid dynamics calculations based on patient specific geometry or even in treatment planning using patient specific devices.
We demonstrated the first ROI-CT data of a stent implanted in-vivo. The structure of the stent could be identified well. This feature of the new system may bring significant improvement in the ability of interventionalists to plan and conduct EIGIs.
The geometry of the C-arm and the patient table currently used in this study did not allow optimal usage of the HS-MAF. Ideally, to minimize geometric unsharpness, the detector should be kept as close to the patient as possible without risk of collision; however, in the present set-up, only one non-optimal source-to-detector distance and one isocenter to detector distance were allowable. A reduced distance from the detector to the patient should enable substantially greater utilization of the high-resolution capabilities of the HSMAF.
CONCLUSION
This first comprehensive in-vivo study indicates that the new HSMAF system is moving closer to final implementation in a hospital angiographic suite. These first in-vivo tests have shown that the new detector and imaging system are capable of performing all the standard angiographic and fluoroscopic modes including DA, DSA, digital fluoroscopy, roadmapping, rotational DSA, and even ROI-CT. The HSMAF ROI-CT images were obtained in combination with an actual commercial C-arm system used in clinical angiographic suites providing the benefit of improved spatial resolution in an ROI where an intervention is occurring. Implementation of such a system could bring substantial benefits for the treatment of cerebrovascular disease and also potentially increase the motivation to develop improved and more effective endovascular devices.
